room temperature, the TPU morphology comprises dispersed hard crystalline domains in a soft matrix of flexible segments [2] .
There is a peculiar type of polyurethanes in which the hard segment content is very low and the long-chain diol is very crystalline and, therefore, the crystalline fraction is formed by the soft segments and a lower concentration of hard segments. This type of TPU presents adhesive properties above the melting point and is used as a high performance adhesive in the shoe industry [3] .
TPU adhesives are usually applied to substrates in the form of a solution, and the removal of the organic solvent is a labour-intensive process [2] . TPU can also be used, in powder form, as a hot melt adhesive, whereby the TPU powder is applied in a thin layer to the substrate. It is then melted by heat treatment, wetting the substrate, and upon subsequent cooling it develops bonding properties [4] .
To obtain the TPU adhesive in powder form it is necessary to submit the polymer material to a milling process. This procedure is delicate and has an impact on the TPU properties when used as adhesive. The process of powder adhesive production is not a simple one, and requires anti-blocking additives that are normally introduced during the milling process, and which are also of benefit to the storage of the product. The mechanics of the grinding process for a peripheral adhesive have recently been investigated [5] , and it was found that during this process temperatures above the glass transition temperature of the adhesive can be reached locally. Such a temperature influence during the processes may cause undesired effects in the grinding result.
A satisfactory adhesion during an adhesive bonding process is achieved when there is a wetting, or even an infiltration, of the melted adhesive in the substrate surface, as well as a good cohesive force due to the formation of crystallites during the hardening of the adhesive [6] . An increase in the amorphous fraction of the TPU is usually sufficient to ensure good adhesion properties. However, this is not suitable for the milling process [1] . A flexible amorphous phase favors particle agglomeration in the milling equipment, thus anti-blocking agents and lubrication need to be used [7] . An additive that is widely used in the industry is zinc stearate, a hydrophobic dispersant, which interacts with the adhesive particles and prevents agglomeration and blocking during the milling, storage, and application processes. A previous study [8] elucidates that the presence of zinc stearate in powder TPU adhesives limits their bonding performance. Zinc stearate effects an inadequate bonding between the substrates, as revealed by a low peel resistance compared to a TPU adhesive with a reduced quantity of zinc stearate. The milling process using zinc stearate is shown in Fig. 2 .
Zinc stearate is an amorphous solid that is insoluble in water and polar solvents such as alcohol and ether. It is a powerful release agent and lubricant, much used in the rubber industry [9] . The action of this organic salt as a lubricant occurs due to its thermal insulation properties, avoiding heat transfer [10, 11] .
For an investigation into an approach to reduce the lubricating action of zinc stearate or stearic acid in the adhesive layer during the bonding procedure, two different technologies were considered and a process optimization was performed for each. The challenge was to develop a fast and selective treatment process of the milled TPU powder, i.e., partially removing the parting agent without compromising the particle size distribution of the TPU material. The two techniques are as follows:
Washing process
A conventional and manual process, in which the polymer is washed with an organic solvent, such as the hydrocarbon mixture white spirit, after the milling process. The solvent dissolves zinc stearate (and stearic acid) without dissolving the TPU.
Plasma process
The plasma in an atmospheric pressure plasma (APP) process comprises chemically active species and a wide variety of components, such as excited and ionized molecular and atomic species, neutral radicals and energetic photons. The reactive environment in contact with the TPU particle surface leads to chemical reactions that generate active sites, polar groups and products resulting from the cleavage and subsequent modification of the bonds at the surface [12] . 
Methods
The thermoplastic elastomer, polyester-based polyurethane (TPU), with a molecular weight of 10,000 g/mol, a viscosity of 1800 cPs [15 % methyl ethyl ketone (MEK)], a glass transition temperature of −42 °C, was used in the pellet form and constitutes a previously described material [13] . Zinc stearate [Zn(C 17 H 35 COO) 2 ] with an ash content of 12.8-13.8 %, a free fatty acid content of less than 1.5 %, a melting point between 120 and 122 °C, and a particle size of less than 200 mesh (74 μm) was purchased from the Baerlocher company. The organic solvent white spirit with around 17 % of aromatics was purchased from Sigma Aldrich (terpenaline, no 86460-2.5L Lot BCBQ3376V). The organic salt and solvent were used as received from the manufacturers.
Experimental procedure
The APP process that was developed at the Fraunhofer Institute IFAM was carried out using a Reinhausen atmospheric pressure plasma nozzle. Figure 3 shows a simplified schematic diagram of the plasma process, in which part of the zinc stearate can be oxidized and polymer molecules on the surface layer of the TPU can be modified. A removal of the zinc from the particles due to the action of the plasma is fairly improbable; however, a mechanical impact within the vortex might influence the material composition. A wall temperature of up to 120 °C may be expected and a heat transfer to the polymer powder may be avoided, resulting in the temperature being sufficiently low to avoid the melting of the TPU adhesive during the plasma treatment.
The experimental data obtained in bonding tests were analyzed by single factor ANOVA variance type, followed by post hoc Fisher's LSD type, with a significance level of 5 % [14] . This is a commonly used statistical test and aims to determine whether there is a significant difference between the mean values for each test and whether the independent factors influence the dependent variables [15] . 
Optical microscopy analysis
A morphological investigation of the TPU particles was carried out using a digital microscope, VHX 500 from Keyence and a Keyence VHZ 100 lens, with a magnification factor of 100.
Beckman Coulter investigation
The size distribution of TPU particles was evaluated using Beckman Coulter equipment, with ethanol as an immersion liquid. This investigation was performed at ambient temperature.
SEM analysis and EDX investigations
The SEM examination of the samples was performed in a Field Emission Scanning Electron Microscope (FESEM), type FEI Helios 600 (Dual Beam). The resolution is 0.9 nm at 15 kV at optimal working distance and 1 nm at 15 kV at the coincidence point. The images of the sample surface were generated at acceleration voltages between 0.35 and 30 kV at working distances between 1 and 10 mm. For the detection of secondary or backscattered primary electrons an Everhart-Thornley or an in-lens detector was used, and for the STEM studies (scanning transmission electron microscopy) a bright field, dark field and 12-segment HAADF detector (high-angle annular dark field) was used. For cryo-SEM investigations, a Quorum PP2000T preparation-system was available. Energy Dispersive X-ray analysis (EDX) measurements were performed with an Oxford X-Max80 silicon drift detector (SDD) with an ATW2-window and an energy resolution down to 129 eV, the detection angle of the detector was 35°.
XPS investigations
Investigations of the surface composition were performed with X-ray Photoelectron Spectroscopy (XPS) applied to small piles of the powder samples. XPS spectra with an information depth of around 0.01 µm were taken using a Kratos Ultra system applying excitation of photoelectrons by monochromatic Al K α radiation within an area of approximately 0.2 mm 2 . The system was operated at a base pressure of 4 × 10 −8 Pa, the sample neutralization was performed with low energy electrons (<5 eV). An electrostatic lens was used, the take-off angle of electrons was 0°, and the pass energy was fixed to 20 eV (or, respectively, 40 eV in case of some less concentrated constituents) in high resolution spectra and 160 eV in survey spectra. Elemental ratios were calculated based on the area of the peaks and considering relative sensitivity factors.
DSC analysis
The thermal analyses of the TPU samples (5.5 mg) were carried out in a differential scanning calorimetry (DSC) Q100 equipment from TA Instruments (according ASTM D3418-12_1 [16] ), in a T Zero non-hermetic aluminum pan, at a heating rate of 10 °C/ min. A nitrogen flow of 50 mL/min was maintained in the DSC oven. The samples were heated to 80 °C, annealed for 5 min, then cooled to −34 °C. The TPU crystallinity content (X c ) was determined using the equation: X c = (ΔH m /ΔH 0 ) × 100, where ΔH m is the measured polymer melting heat and ΔH 0 is the melting heat of the crystalline polymer [17] , which amounted to 196.8 J/g [18] .
Peel resistance
The peel test was carried out according to ABNT NBR 10456:2012 (Adhesives for Footwear and Resistance Bonding [19] ). The substrates used were injected specimens of polyvinyl chloride (PVC), with a hardness of 75 (±5) Shore A, a width of 30 (±1) mm, a length of 160 (±2) mm and a thickness of 3 (±1) mm. The procedural steps for the joint preparation using the PVC specimens and for the adhesive evaluation are shown in Table 1 .
Results and discussion
The TPU adhesive was investigated with a focus on the particle size and surface composition of the powder samples both before and after submitting the powder to either the washing process with white spirit or the plasma treatment. The effect of these treatments on the characteristics of the powder is discussed regarding the thermal behavior of the TPU samples and the bonding properties of the PVC joints. The discussion suggests a structural model for the particles.
Evaluation of powder particle size and surface composition
The properties of the powdered raw materials entering the milling process were determined after which the powdered TPU that had been obtained from this process was characterized. Based on this, the effects of the treatment processes on the particle structure and surface composition could be determined. Optical microscopy was used to verify the size of the zinc stearate particles used in the milling of the TPU adhesive. Figure 4a shows light microscopy images of zinc stearate powder, and particles with sizes of around 25 μm can be distinguished. This is in accordance with the information from the supplier that reported a particle size smaller than 74 μm.
TPU particle size investigation
An optical microscope was used to verify the particle size of the TPU adhesive powder and the evaluation of the results obtained is shown in Fig. 4b . Predominantly, particles with a size of approximately 250 μm were identified. The investigation using the Beckman Coulter obtained a particle size distribution with a larger amount of particles, whereby 50 % of the powder volume was between 170 and 300 μm for the TPU adhesive. This is in accordance with the results of the optical microscopy investigation. It is concluded that the solvent used for the Beckman Coulter characterization does not compromise the measured particle size. Figure 5 shows the results of the volume fractions for the untreated TPU powder obtained from a Beckman Coulter test. Figure 6 presents an SEM image indicating the TPU particle size. According to the findings of the SEM investigations, particle sizes smaller than 500 μm were predominant, which confirms the results obtained in the Beckman Coulter test and optical microscopy investigations. Moreover, non-uniform TPU particle shapes were revealed. The non-uniform particle size was formed during the milling processes due to plastic properties of the TPU polymer.
EDX and XPS investigations
An EDX investigation was applied to the TPU samples prior to the powder treatment and following the white spirit washing or plasma treatments in order to verify the differences in the surface composition. Figure 7a , b detail the percentage of zinc (a) and oxygen (b) detected while investigating distinct TPU powder adhesive samples before and after white spirit and plasma treatments.
In the evaluation of the EDX results (Fig. 7 ) measured with an acceleration voltage of 15 kV, the treated TPU samples showed a lower concentration of zinc compared to the original TPU powder. On the other hand, the EDX measurement performed with an acceleration voltage of 5 kV revealed a similar zinc concentration for both the treated TPU powders and the original powder. Moreover, for all the TPU powders investigated the zinc concentration obtained from the measurement with 15 kV was lower than that obtained with 5 kV. As the information depth of the measurement with 15 kV is at least twice as big as that of the measurement with 5 kV, which is approximately 1 µm, the latter investigation is more surface sensitive. Therefore, these findings reveal that the zinc containing species are concentrated at the surface of the TPU particles, within a region that has a thickness of approximately 1 µm. Moreover, following the powder treatments the composition of the zinc containing layer appeared to differ from the state of the original powder. Possible effects of this finding are subsequently assessed by measuring the peel resistance and blocking properties to verify the good storage properties of TPU.
In principle, the plasma technique is used to activate the surface layer in different materials, including biomaterial surfaces and polymers, as an approach to improve bonding results in different substrates [20] . This is a new technique in the field of adhesives, applied to modify the zinc stearate layer around the adhesive particles. In this procedure the surface active plasma treatment may oxidize the uppermost region of Fig. 7 Results for EDX analysis showing the atomic concentration of zinc (a) and oxygen (b) in the powder TPU adhesive before and after white spirit and plasma treatments the powder particles, i.e., the zinc stearate layer around the TPU adhesive. On the other hand, the washing process based on white spirit may dissolve the topmost part of the zinc stearate layer.
In Table 2 and Fig. 8 the results of XPS investigations are presented. These reveal the composition of the outermost 0.01 µm layer of the TPU particles. Table 2 shows the elemental composition as an atomic concentration (given in at %), based on XPS investigations with an information depth of 0.01 µm. These findings indicate that after both the white spirit washing and the plasma treatment the average surface concentration of oxygen-containing species (O) [and the concentration ratio (O)/(C)] as well as the zinc concentration (Zn) is similar to that of the received state of the TPU adhesive.
X-ray photoelectron spectroscopy investigations did not identify any significant changes in the overall atomic percentage of carbon species after treatments. However, in order to reveal the contribution of distinct carbonaceous species to the uppermost powder particle region, C1s detail XPS spectra were recorded and are shown in Fig. 8 . This XPS investigation was applied for the adhesive samples before and after treatments. The C1s signals of the XPS spectra were fitted using four contributing centrosymmetric Gaussian-Lorentzian peaks around 285.0 eV (attributed to aliphatic carbon [21] ), around 285.8 eV (attributed to carbon atoms located close to the carboxylic group [22] ), around 286.8 eV (attributed to C*-O atoms [21] ), and around 289.3 eV (attributed to carboxylic carbon [22] ). The findings are in good agreement with the results reported by Gabka et al. [22] , who investigated stearic acid-capped Cu-In-Zn-S nanocrystals, and also indicate the presence of stearate species. Regarding zinc stearate, a composition of C 36 H 70 O 4 Zn may be expected, and the 1.9 at.% of Zn revealed by XPS (which detects C, O, and Zn) is a slightly lower concentration than the 2.4 at.% expected by stoichiometric means. Therefore, the surface of the zinc stearate powder may show additional species, e.g., stearic acid. For all TPU samples investigated a similar composition was found as for the surface of a zinc stearate powder. Consequently, following the treatments there was still a thin zinc stearate layer around the TPU powder particles.
TPU thermal behavior and crystallinity
The DSC curves obtained during the heating or cooling of the TPU powder samples enable the identification of an endothermic phase (heat absorption) or exothermic processes (heat release) [23] . The following shows the DSC curves for the samples, i.e., TPU before and after the washing treatment with white spirit and before and after the plasma treatment. Figure 9a shows the endothermal DSC curves for pure powder and after applying distinct treatments, and Fig. 9b shows the crystallization DSC curves for the TPU samples in study.
According to the melting temperature and crystallization temperature tests, which were developed using the technique previously described in the methodology, it was not possible to identify a significant difference in the TPU materials before and after washing with the white spirit solvent or after applying the plasma treatment. However, there were clear differences in the values related to the enthalpy of melting, used for verifying the crystalline fractions. The values for the enthalpies of melting, crystallization temperatures and melting temperatures are shown in the Table 3 .
Comparing the melting values before and after treatments, it becomes evident that there is no phase separation using the atmospheric plasma treatment or white spirit washing, when used to modify the zinc stearate in the TPU powder.
In thermoplastic elastomers designed for use in adhesives, the crystalline fraction of polymers is also formed by soft chain segments. This means that the long chain diol segments are organized in such a way that they develop crystalline characteristics. Only polyurethanes formed by polycaprolactones and polyesters may exhibit these crystalline characteristics, due to the properties of low crystallinity of the hard segments [3] . This 
TPU peel resistance as a function of the treatments
When applying the ANOVA method to the three distinct TPU powder adhesive materials (without pretreatment, after washing or after plasma treatment), a significant difference between the bonding properties of the materials is revealed. It is then possible to use the means of the bonding tests results on the Post Hoc test as Fisher's LSD type. This indicates that there is a significant difference between the bonding values in the milled TPU without treatment and those for the samples that were washed with white spirit or treated with APP. On the other hand, a comparison of the bonding results after washing with white spirit or applying plasma showed no significant differences between them. In Fig. 11 , it is possible to see the differences between the results of the peel resistance, revealing that, in the case of the original TPU powder, the investigated joints had a peel resistance of 3.0 (±0.22) N/mm. In contrast, the powder treatment by washing and the plasma treatment facilitated significantly higher values for the peel resistance, at 3.71 (±0.19), and 4.20 (±0.12), respectively.
These results were compared with the reference values for bonding shoes, as indicated by the Pirmasens Institute from Germany, and the bonding values increased from "Low demand bonding" to "moderate demand bonding" both after washing with white spirit and after plasma treatment [24] . In Table 4 the standard values for the categorisation of peeling resistance results may be discerned. In the shoe manufacturing industry, adhesive properties are crucial to ensure the manufacturing quality of the shoe. Paiva [4] described the importance of analyzing the peeling resistance of an adhesive joint subjected to various types of surface treatments using a conventional solvent-based adhesive. The present work shows an improvement in peel resistance using a TPU elastomer in powder form, replacing solvent based adhesives and obtaining a more environmentally-friendly adhesive.
Finally, the storage properties of the TPU powder material following the plasma treatment and white spirit washing were investigated by compressing a sample quantity under a special glass plate. No blocking was observed during the evaluation period, which lasted 15 days.
The treatment of TPU powder samples using the washing and plasma processes were shown to impact the crystallinity of the TPU particles and the composition of the zinc There are several polymers that are usually applied in the shoe industry and which require adherent surface treatments to achieve a satisfactory level of peel resistance; the most commonly proposed surface treatments for rubber materials include mechanical/ physical and chemical modification. These types of treatments are necessary to avoid the progressive migration of compounds from the bulk to the surface, which can occur over time [25] . Pastor et al. [25] obtained an adequate performance of adhesive joints using oxygen plasma treatment on a rubber surface. In that case the admixture of wax and zinc stearate was located inside the rubber, and there was a migration towards the surface that was especially pronounced during the bonding moment. The changes in the rubber surface were indicated by the variation in peel strength and XPS data.
In the study presented here, however, the surface of the adhesive was modified to improve the bonding performance using the similar technique of APP treatment. The findings support the suggestion of the structural model presented in Fig. 12a, b . During the milling process, TPU pellets or particles and the much smaller zinc stearate particles are mechanically deformed as a consequence of the energy impact. Following the intense mechanical contact, zinc stearate finally surrounds the TPU particles, forming a film around the adhesive polymer, as illustrated in Fig. 12a . This layer of zinc stearate formed around the particles of the TPU is in accordance with the EDX and XPS analyses, and was found to exhibit a thickness of approximately 1 µm. Regarding the effects of the surface treatments on the particles, Fig. 12b suggests the reduction of the zinc stearate layer thickness, and a partial removal of small zinc stearate particles. In the case of the TPU material investigated, the treatment effects are satisfactory, because the treatments modify the powder material sufficiently in order to improve peel resistance and maintain a non-blocking behavior of the powder particles.
Romero-Sanchez and Martin-Martinez [26] suggested thoroughly removing the zinc stearate at the bonding place by applying a plasma treatment to a rubber surface. In this case the peel resistance had been compromised in the presence of zinc stearate. In a study investigating a poly-ɛ-caprolactone-based adhesive, better values of tensile strength and elongation were observed for materials with higher percentages of crystalline material [27] . TPUs are both thermoplastic and highly elastic rubbers. They consist of, essentially, linear primary polymer chains. The structure of these primary chains comprises a preponderance of relatively long and soft segments, which have been joined end-to-end by hard chain segments through covalent chemical bonds [28] . A TPU molecular chain is illustrated in Fig. 1b .
Some authors, such as R. B. Silva [29] , have described studies assessing polyethylene sealing properties in dependence of the degree of crystallinity. They obtained better sealing results for materials with a lower crystalline fraction, as improving the amorphous fraction for sealing properties is favorable. In the present study the crystalline fraction was improved, and thus there was also an improvement of the hard chain segments, responsible for the best cohesion characteristic of the adhesive, and, therefore, an increase in peel resistance values could be observed.
Conclusions
This research used effective techniques to identify the differences in the zinc stearate layer before and after a white spirit wash, as a conventional treatment, and an APP treatment, as an innovative technique, as applied to a TPU powder adhesive. Using an EDX investigation, it was possible to verify a reduction of the zinc species in the layer around the TPU particles, without compromising the blocking characteristics of the TPU adhesive following treatment, as the treatments essentially only affected the zinc stearate layer. Particle size investigations with optical microscopy, Beckman Coulter and SEM indicated that the zinc stearate layer is small in comparison to the TPU particle size. Therefore, the treatments acted only on the layer containing the zinc stearate lubricant. The crystallinity test showed a higher value for the TPU adhesive powder after both the white spirit wash and plasma treatments, which was attributed to an increase in the hard segments, which are responsible for the best cohesion and, thus, better peel resistance values.
Summarizing, the present paper has illustrated that it is feasible to improve peel resistance for joints with a micronized powder adhesive containing a zinc stearate layer as a lubricant, using an innovative technique, such APP treatment, to modify the adhesive particle surface. 
